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Amphioxus is the closest relative to vertebrates but lacks key vertebrate characters, like rhombomeres, neural crest cells,
and the cartilaginous endoskeleton. This reflects major differences in the developmental patterning of neural and
mesodermal structures between basal chordates and vertebrates. Here, we analyse the expression pattern of an amphioxus
FoxB ortholog and an amphioxus single-minded ortholog to gain insight into the evolution of vertebrate neural
segmentation. AmphiFoxB expression shows cryptic segmentation of the cerebral vesicle and hindbrain, suggesting that
neuromeric segmentation of the chordate neural tube arose before the origin of the vertebrates. In the forebrain, AmphiFoxB
expression combined with AmphiSim and other amphioxus gene expression patterns shows that the cerebral vesicle is
divided into several distinct domains: we propose homology between these domains and the subdivided diencephalon and
midbrain of vertebrates. In the Hox-expressing region of the amphioxus neural tube that is homologous to the vertebrate
hindbrain, AmphiFoxB shows the presence of repeated blocks of cells along the anterior–posterior axis, each aligned with
a somite. This and other data lead us to propose a model for the evolution of vertebrate rhombomeric segmentation, in
which rhombomere evolution involved the transfer of mechanisms regulating neural segmentation from vertical induction
by underlying segmented mesoderm to horizontal induction by graded retinoic acid signalling. A consequence of this would
have been that segmentation of vertebrate head mesoderm would no longer have been required, paving the way for the
evolution of the unsegmented head mesoderm seen in living vertebrates. © 2002 Elsevier Science (USA)
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A fundamental character of the vertebrate brain is its
partition into discrete territories, often referred to as seg-
ments, along the anterior–posterior (AP) axis. Segmentation
is overt in the hindbrain, where distinct boundaries sepa-
rate segments known as rhombomeres. In the diencepha-
lon, segmentation is cryptic, and may be better described as
compartmentalisation as it is inferred by landmarks, gene
expression patterns, and cell lineage studies rather than
marked by reiterated structures (Rubenstein et al., 1998;
Larsen et al., 2001). These diencephalic segments are
known as prosomeres, while neural segments are known
collectively as neuromeres. The spinal cord of vertebrates is
also segmented, in the sense that it includes serially re-
peated structures, such as dorsal and ventral root exit
points. This, however, is conceptually different from rhom-
bomeric segmentation in that boundaries do not seem to be
present. There are thus at least three different types of
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258segmentation in the vertebrate central nervous system,
prosomeric, rhombomeric, and spinal, and each has its own
morphological and developmental character.
Neural segmentation is also prominent in several proto-
stome taxa, such as arthropods and annelids, suggesting
that some degree of subdivision of the central nervous
system into segments is primitive for the Bilateria. Whether
these primitive segments are homologous to the neuro-
meres of the vertebrate brain is, however, highly debatable
since, beyond the basic conservation of AP organisation of
bilaterians reflected by Otx and Hox, there is little evidence
of molecular similarity between the two. This suggests that
neuromeric brain organisation evolved specifically on the
vertebrate lineage, a view supported by the observation that
two outgroups to the chordates, the echinoderms and hemi-
chordates, show little evidence of neural segmentation
(Benito and Pardos, 1997). A key question in vertebrate
evolution, therefore, is how (and from what) have the
different types of neural segmentation evolved?
The vertebrates share Phylum Chordata with two other
subphyla, the Cephalochordata (amphioxus) and the Uro-
chordata (ascidians and their relatives). Amphioxus is the
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closest living invertebrate relative of the vertebrates (Wada
and Satoh, 1994). It shares primitive vertebrate characters
like the notochord, endostyle, and segmented mesoderm.
The central nervous system itself appears similar to that of
vertebrates, though considerably simpler. Both the AP and
dorsoventral (DV) axes of the amphioxus neural tube have
comparable gene expression patterns with those of the
vertebrate neural tube (Holland et al., 1992, 1996; Williams
and Holland, 1996; Shimeld, 1997a, 1999, 2000; Sharman et
al., 1999; Wada et al., 1999). The amphioxus nervous
system posterior to the cerebral vesicle is also segmented,
as shown by the regular repetition of dorsal roots and the
expression of several genes (Bone, 1959, 1960; Jackman et
al., 2000; Ferrier et al., 2001b). This has led several authors
to hypothesise homologous relationships between regions
of the amphioxus and vertebrate nervous systems. For
example, the amphioxus anterior cerebral vesicle is pro-
posed to be homologous to the vertebrate diencephalon and
midbrain, while the nerve cord, approximately down to the
somite 8 level, might correspond to the vertebrate hind-
brain (Williams and Holland, 1998; Holland and Holland,
1999).
These studies show that some basic molecular patterning
of the chordate nervous system predates the evolution of
vertebrates. However, there are also major differences in
nervous system patterning between amphioxus and verte-
brates. First, there is little evidence of a telencephalon in
amphioxus, since interpretation of the expression of the
FIG. 1. Alignment of AmphiFoxB with other FoxB family members from Mouse (Mm), Xenopus (Xl), zebrafish (zf), and Drosophila (Dm).
The forkhead domain is shaded, and two other conserved domains are boxed. GenBank Accession Nos. of protein sequences used are Mus
musculus FoxB1: NP_071773; M. musculus FoxB2: NP_032049; Xenopus laevis FoxB1: AAC62623; Danio rerio foxb1.2: AF052246; D. rerio
foxb1.1: AF052248; D. melanogaster fd4: P32028; D. melanogaster fd5: P32029. The AmphiFoxB sequence is available from the EMBL
database, Accession No. AJ506162.
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only telencephalic marker characterised to date (the BF-1
ortholog AmphiBF-1) is equivocal (Toresson et al., 1998).
Second, homologs of individual prosomeres have not been
identified in amphioxus. Third, no molecular markers for
the midbrain have been identified in amphioxus, and there
appears to be no equivalent of the vertebrate midbrain–
hindbrain boundary (MHB), a key organising centre of the
posterior vertebrate brain (Holland et al., 1997, 2000a;
Kozmik et al., 1999; Ferrier et al., 2001a). Fourth, the overt
segmentation of vertebrate rhombomeres is absent from the
region of the amphioxus brain proposed to be homologous
to the hindbrain (Holland et al., 1992; Knight et al., 2000).
These apparent differences in nervous system organisa-
tion between amphioxus and vertebrates may reflect genu-
ine vertebrate innovations. They might also be artefacts,
resulting from the limited set of amphioxus marker genes
currently characterised, or even lineage-specific losses in
amphioxus, as suggested for the MHB (Holland et al., 1997,
2000; Kozmik et al., 1999; Ferrier et al., 2001a). To under-
stand the evolutionary origin of the complex vertebrate
brain, we must discriminate between these possibilities, as
only then can genuine novelty be identified and appropriate
hypotheses for the evolution of brain segmentation con-
structed. We also need to discriminate between the differ-
ent types of vertebrate neural segmentation, since these
probably arose in different ways and at different times. To
resolve some of these issues, we have characterised am-
phioxus orthologs of two further markers of neural devel-
opment. The first, amphioxus FoxB (AmphiFoxB), is ex-
pressed throughout the brain and spinal cord early in
development but is excluded from the presumptive fore-
brain. Later in development, AmphiFoxB expression be-
comes restricted to specific regions of the cerebral vesicle.
The second, amphioxus single-minded (AmphiSim), is a
marker of the posterior diencephalon and midbrain. The
expression of AmphiFoxB suggests that segmentation of
much of the neural plate is regulated by adjacent somites.
These observations lead us to propose a model for the
evolution of the vertebrate hindbrain in which the key
mechanistic change was the transfer of mechanisms con-
trolling neural segmentation from extrinsic regulation to
mechanisms intrinsic to the neurectoderm. Patterns of
FoxB and Sim gene expression in later development suggest
that amphioxus also has a brain that is subdivided into
regions homologous to the diencephalon and midbrain, and
that the diencephalon is further divided into subregions at
the molecular level.
MATERIALS AND METHODS
Isolation of Amphioxus FoxB and Sim Orthologs
An amphioxus genomic phage library (a gift from J. Garcia-
Ferna`ndez and C. Minguillon) was screened with an amphioxus
FoxF PCR fragment (F.M. and S.M.S., unpublished data) at 55°C
(Church and Gilbert, 1984), then washed twice for 15 min with 2
SSC, 0.1% SDS at 55°C. Hybridising clones were plaque purified
and analysed by Southern hybridisation. One phage clone included
a 1.29-kb SalI/HindIII fragment encoding a FoxB-related gene. This
fragment was fully sequenced on both strands.
Degenerate oligonucleotide primers of sequence 5-GCAC-
CGGAYGGNAARATHATG-3 (forward primer) and 5-TTAGC-
ACTGNACCANACCCA-3 (reverse primer) were designed to the
Sim subset of the bHLH-PAS family and used to amplify by PCR a
644-bp fragment from amphioxus cDNA. This fragment was cloned
and multiple copies sequenced. All were found to derive from the
same gene.
Isolation of AmphiBF-1
We designed oligonucleotide primers (forward primer: 5-ATGG-
TGAGAACGGAGGACCG-3, and reverse primer: 5-CTATCC-
CGTTAGGCGAGGTA-3) to the published cDNA sequence of
AmphiBF-1 (Toresson et al., 1998) and amplified a 1210-bp frag-
ment running from the predicted start codon to the termination
codon of the open reading frame. This was cloned, the sequence
verified to ensure it derived from the same gene as the published
cDNA, and used to generate an antisense riboprobe for in situ
hybridisation.
Phylogenetic Analysis
Amino acid sequence alignments were constructed with
CLUSTALW (Thompson et al., 1994) and edited by eye to resolve
sites of questionable homology. Maximum likelihood phylogenetic
trees were constructed by using PUZZLETREE (Strimmer and von
Haessler, 1996). We used one invariable and eight gamma-
FIG. 2. Molecular phylogeny of the FoxB family, showing that
AmphiFoxB lies basal to the vertebrate FoxB genes. The tree has
been rooted with the Drosophila FoxB orthologs fd4 and fd5. The
scale indicates number of inferred substitutions per site, and the
values are percentage quartet puzzling support values.
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distributed rates, although varying these parameters did not affect
tree topology significantly.
Embryo Collection and Whole-Mount in Situ
Hybridisation
Adult amphioxus (Branchiostoma floridae) were collected from
old Tampa Bay, FL in August of 1998. In vitro fertilisation, embryo
culture, and fixation were performed as described (Holland and
Holland, 1993). Whole-mount in situ hybridisation was carried out
as previously described (Shimeld, 1999).
RESULTS
Cloning and Characterisation of an Amphioxus
FoxB Ortholog
We isolated and fully sequenced a 1.29-kb genomic frag-
ment encoding an amphioxus Fox superfamily gene. The
amino acid sequence of the longest open reading frame
(ORF) was deduced, and initial sequence comparisons by
alignment and molecular phylogenetics showed it to be
most closely related to the FoxB group of vertebrate and
invertebrate Fox genes (not shown). We therefore aligned
the sequence to other FoxB family members (Fig. 1). The
ORF runs to the 3 end of the genomic clone, suggesting
that a few amino acids at the carboxy terminus of the
protein may be encoded by an adjacent clone. Molecular
phylogenetic analysis of the FoxB family shows the position
of this gene basal for the vertebrate FoxB genes (Fig. 2), and
we therefore name it AmphiFoxB. Like characterised verte-
brate FoxB genes, AmphiFoxB appears to lack introns in the
coding sequence. Comparison of AmphiFoxB with other
FoxB amino acid sequences showed the forkhead domain to
be highly conserved and identified additional conserved
domains (Fig. 1). These included a short amino acid se-
quence (consensus FAIENIIA) that is similar to the eh-1
FIG. 3. Alignment of AmphiSim with Sim family members from Human (Hs), Mouse (Mm), Xenopus (Xl), zebrafish (zf), and Drosophila
(Dm). Accession Nos. of sequences used were as follows: HsSim1, XP_004324; HsSim2, XP_009755; MmSim1, NP_035506; MmSim2,
NP_035507; zfSim, AAK27261; Xlsim, AAG42690; DmSim, P05709. Alignment of sequences beyond the carboxy-terminal extent of
AmphiSim is not shown. The AmphiSim sequence is available from the EMBL database, Accession No. AJ506161.
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domain, a domain found in the N-terminal part of several
homeodomain proteins and in the C-terminal part of the
FoxA proteins (Smith and Jaynes, 1996; Shimeld, 1997b;
Williams and Holland, 2000).
Cloning and Characterisation of an Amphioxus
Sim Ortholog
We isolated a 644-bp fragment by degenerate PCR using
primers designed to recognise the Sim subgroup of the
bHLH-PAS gene superfamily. Following pruning of primer-
derived sequence, conceptual translation showed it to en-
code a 202-amino-acid sequence with a high level of iden-
tity to vertebrate and Drosophila Sim proteins (Fig. 3).
Initial phylogenetic analysis of the bHLH-PAS genes
showed that this sequence grouped robustly with the Sim
genes (data not shown). To increase resolution within the
Sim clade, we redid the analysis with only Sim genes, and
rooted the resulting tree with Drosophila sim (Fig. 4). The
results show that the amphioxus sequence is basal to the
two clades of vertebrate Sim genes, and hence, we name it
AmphiSim.
Expression of AmphiFoxB and AmphiSim during
Embryonic and Larval Development
The expression of AmphiFoxB was examined by whole-
mount in situ hybridisation. No expression was detected
prior to the neurula stage (data not shown). At the neurula
stage, in embryos with five somites, expression was de-
tected in two lateral stripes along the neural plate, with an
anterior boundary at the level of the first somite (Fig. 5A). In
later neurulae, these twin stripes resolved into a series of
blocks of expression, separated by narrow regions of low or
absent expression (Fig. 5B). These blocks were aligned with
the somites. Interestingly, at the level of somite 5, no block
of expression was observed, with transcripts instead being
confined to a faint medial strip adjacent to the floor plate
(Fig. 5B). Expression was also activated in presomitic me-
soderm at this stage. Expression in the nervous system
continued until the eight-somite stage, when seven blocks
were visible, one opposite each somite with the exception
of somite 5. As embryos reached the end of neurulation,
expression faded from the neural tube, with the exception
of a small number of cells at the very posterior end. In all
the stages examined, expression was excluded from the
midline.
At 24 h of development, following the completion of
neurulation, expression was maintained in the cerebral
vesicle (the swelling at the anterior end of the nerve cord)
as a single patch (Figs. 5C and 5D). Expression in poste-
rior mesoderm and nerve cord at this stage was still
present though fading. At about 36 h of development, the
larval mouth opens and the animal begins to feed. At this
stage, two areas of the cerebral vesicle express Amphi-
FoxB: one in the anterior ventral cerebral vesicle just
posterior to the neuropore, the second in the posterior
half of the cerebral vesicle (Fig. 5E). Both domains have
clear anterior and posterior boundaries. The expression in
the posterior nerve cord was no longer detected at this
stage, and the only site of expression other than the
cerebral vesicle was a small population of subectodermal
cells at the posterior tip of the embryo, which are
probably homologous to the vertebrate tail bud. This
pattern of expression continued until the latest stage
examined in which larvae had developed two gill slits and
an obvious anterior eye spot (Fig. 5F). Expression did not
reach the most anterior part of the cerebral vesicle at any
stage. To verify the location of AmphiFoxB expression in
the cerebral vesicle, we also examined the expression of
AmphiBF-1, a marker of the anterior cerebral vesicle in
larvae. We identified AmphiBF-1 expression in an iden-
tical domain to that already described (Toresson et al.,
1998), ventral to the eyes and anterior to the expression
of AmphiFoxB (data not shown).
To refine our understanding of the relationship of the
blocks of AmphiFoxB expression to other regional markers
in the amphioxus nervous system, we also examined the
expression of AmphiSim in a staged developmental series
ranging from gastrulae to early larvae. No expression of
AmphiSim was detected in gastrulae. In very early neuru-
lae, AmphiSim expression was detected as a broad band of
cells at the dorsal midline of the inner (mesendodermal) cell
layer (Fig. 6A). By the midneurula stage, this expression had
become confined to the notochord, with low levels of
expression also detected in future dorsal endoderm (Figs. 6B
and 6C; and data not shown). In late neurulae, with five to
seven somites, expression was only detected in the noto-
chord and endoderm by prolonged staining (data not
FIG. 4. Molecular phylogeny of the Sim gene family produced
using maximum likelihood implemented by quartet puzzling. The
sequences used for phylogenetic reconstruction extend from posi-
tion 103 to 330 inclusive as shown in Fig. 3. AmphiSim lies basal
to the two well-supported clades of vertebrate Sim genes, and this
relationship is supported by a value of 100. The position of the root,
as deduced by preliminary analyses with a wider range of bHLH-
PAS sequences, is shown with a dotted line. The scale indicates
number of inferred substitutions per site, and the values are
percentage quartet puzzling support values.
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shown). Three areas of more intense AmphiSim expression
were also observed at this stage, in the pharynx roof anterior
to the first somite and lateral to the anterior notochord, in
posterior mesendoderm, and in an isolated block of neural
cells adjacent to the centre of the first somite. This pattern
of AmphiSim expression essentially continues into early
larvae, with the exception that the anterior pharynx roof
expression is lost by about 30 h of development (Figs. 6D
and 6E).
DISCUSSION
The Evolution of the Vertebrate Hindbrain and
Rhombomeric Segmentation
Rhombomeric segmentation is found in all living verte-
brates and is of fundamental importance to the develop-
ment of the vertebrate head. Comparisons between the
amphioxus neural tube posterior to the cerebral vesicle and
FIG. 5. Expression of AmphiFoxB during amphioxus embryonic and early larval development. Anterior is to the left. (A) AmphiFoxB
is first detected in neurulae as continuous bands of expression in the neural plate on either side of the midline. (B) Embryo with 6/7
somites (the first 7 are numbered) in which neural plate expression has resolved into a series of blocks, each aligned with a somite.
Somite boundaries on both sides are marked by black lines; boundaries between the blocks of AmphiFoxB expression are marked by
white lines on the left side of the embryo only. The gap in expression adjacent to somite 5 is arrowed. Expression is also activated in
presomitic mesoderm (PSM) at this stage. (C, D) Lateral and dorsal views, respectively, of a 10-somite embryo. Expression in the neural
tube (nt) is now confined to posterior cells and is not segmented. A patch of cells in the cerebral vesicle continues to express
AmphiFoxB at this stage (arrows); expression is also detected in the presomitic mesoderm. (E, F) Heads of larvae at 36 and 48 h,
respectively. Expression at these stages has resolved into two patches in the cerebral vesicle. The anterior patch (arrow) is just
posterior to the neuropore (NP), and later, to the eyespot (ES), while the posterior patch (double arrowhead), at 36 h, extends to the
posterior limit of Hatschek’s pit (HP).
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the vertebrate hindbrain have been made previously, pri-
marily on the basis of Hox gene expression (Holland et al.,
1992; Holland and Holland, 1996, 1999; Wada et al., 1999).
These studies have suggested that an extensive region of the
amphioxus neural tube, stretching from at least the second
somite to the seventh, is homologous to the vertebrate
hindbrain. The expression in amphioxus embryos of motor
neuron markers and other genes also suggests segmental
organisation of cell types in the region, an interpretation
supported by the segmental organisation of dorsal nerve
roots in larvae and adults (Bone, 1959, 1960; Jackman et al.,
2000; Ferrier et al., 2001b). Evidence, however, for segmen-
tation in the form of specification of repeated blocks of cells
separated by boundaries (like rhombomeres) rather than
individual cell types and nerve exit points has been lacking,
and as such, the organisation of this region of the am-
phioxus neural tube more closely resembles the vertebrate
spinal cord than the hindbrain.
In amphioxus neurulae, we observed seven blocks of
AmphiFoxB expression, one next to each of the first eight
somites with the exception of somite 5. These blocks were
relatively broad, separated by narrow bands of non- or
low-expressing cells, and were aligned with the adjacent
somites. The absence of expression at the level of somite 5
is important, as it shows that segmental expression of
AmphiFoxB does not simply reflect a physical imprint of
the somites on the neural tube (for example, a thicker and
thinner neural plate next to somites and boundaries, respec-
tively), but instead reflects molecular regionalisation. This
level is the site of development of the first major pigment
spot in amphioxus, and segmental expression of other
genes, for example, Mnx and Islet, is altered here. Amphi-
FoxB expression is different from these segmentally ex-
pressed genes, however, in that it forms broad blocks of
cells rather than isolated, reiterated patches of cells. We do
not believe that these blocks of AmphiFoxB-expressing
cells can be regarded as homologous to rhombomeres,
despite their similar location in the nervous system with
respect to Hox gene expression (Fig. 7A). The first block of
expression, adjacent to somite 1, includes either only the
amphioxus posterior diencephalon homolog, or the dien-
cephalon and midbrain homologs, as defined by AmphiSim
and AmphiOtx, and correspondingly cannot be considered
homologous to rhombomere 1 (Williams and Holland, 1996,
1998; Holland and Holland, 1999). Therefore, a one-to-one
relationship between these blocks of expression and rhom-
bomeres is not supported. The alignment of AmphiFoxB
expression with adjacent somites, however, gives us an
important insight into differences in neural tube patterning
mechanisms between vertebrates and amphioxus, and cor-
respondingly into hindbrain evolution. AmphiFoxB expres-
sion, in common with other markers of early neural plate
segmentation, only resolves into a segmented pattern of
expression following segmentation of the underlying meso-
derm (Jackman et al., 2000; Ferrier et al., 2001b). Indeed,
there is no evidence of neural segmentation prior to meso-
dermal segmentation, since the segmental expression of
earliest markers of neural segmentation, amphioxus or-
thologs of islet and neurogenin, follows molecular and
morphological mesoderm segmentation (Zhang et al., 1997;
Holland et al., 2000b; Jackman et al., 2000). These data, and
specifically the alignment of the blocks of AmphiFoxB
expression to somites, suggest that the amphioxus neural
tube posterior to the region homologous to the diencepha-
lon develops segmentation under direct, one-to-one control
by adjacent segmented mesoderm (Fig. 7B). This is similar
to the mechanisms proposed to pattern vertebrate spinal
cord segmentation, in which mesodermal signals regulate
adjacent segmental compartmentalisation such that neuro-
meric boundaries (as judged by lineage restriction) align
with the centre of adjacent somites (Detwiler, 1934; Keynes
and Stern, 1984; Stern et al., 1991). It is, however, funda-
mentally different to the regulation of rhombomeric seg-
mentation. Current studies suggest that rhombomeric seg-
mentation is regulated by signalling from two areas (Fig.
7C; reviewed by Gavalas and Krumlauf, 2000). Posterior
segmentation, up to the r3/r4 boundary, is regulated by
retinoic acid (RA). Considerable evidence shows that the
source of RA is the somitic mesoderm adjacent to the
posterior hindbrain and spinal cord, and suggests that RA
acts in a graded manner with progressively lower concen-
trations more anteriorly (Dupe and Lumsden, 2001). Inter-
pretation of this primary signal appears to be via mecha-
nisms intrinsic to the neurectoderm, acting through Krox-
20, MafB/kr, and Hoxa1, and results in both segmentation
and specification of segment identity (Dupe and Lumsden,
2001). Cells anterior to the hindbrain also have a regulatory
role. Midbrain cells express Cyp26, which encodes an
enzyme that inactivates RA and presumably acts as an RA
sink, maintaining an RA gradient and protecting anterior
rhombomeres from RA overexposure (Swindell et al., 1999).
The MHB is also a source of signals that regulate the
identity of anterior rhombomeres and the position of
boundaries between them (Irving and Mason, 2000).
Based on these comparisons, we propose that a major
innovation underlying the evolution of the vertebrate brain
was the transfer of mechanisms regulating segmentation of
the brain posterior to the diencephalon from extrinsic,
vertical signalling (that is, direct induction of segments by
adjacent segmented tissue, as inferred in amphioxus) to
horizontal signalling within the neurectoderm. The key
candidate molecule in this transfer is RA. It is important to
note that regulation of neural Hox expression by RA has
been previously demonstrated in both amphioxus and as-
cidians, showing that the involvement of RA in regulating
AP neural identity predates vertebrate evolution (Ka-
tsuyama et al., 1995; Holland and Holland, 1996). What is
novel, therefore, is not the involvement of RA in AP neural
patterning, but the elaboration of this system to include
regulation of segmentation as well as identity. This new
mechanism presumably supplanted the ancestral, seg-
mented mesoderm-derived mechanism and involved the
recruitment of new factors such as Krox-20, which does not
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play a role in amphioxus neural segmentation (Knight et al.,
2000).
Our results also highlight a previously unrecognised
connection between two key innovations underlying verte-
brate head evolution: unsegmented cranial paraxial meso-
derm and hindbrain segmentation. Cryptic segmentation of
vertebrate preotic mesoderm, in the form of somitomeres or
as suggested by the head cavities of cartilaginous fish, is
debatable (reviewed by Holland, 2000). Most authors, how-
ever, assume that segmentation of this tissue in some form
is primitive for vertebrates, although the precise relation-
ship between amphioxus mesodermal segments and verte-
brate somitomeres and somites is controversial. Irrespec-
tive of this controversy, our results suggest that
mesodermal segmentation was primitively required to
regulate neural segmentation. Acquisition by vertebrates of
a new method of hindbrain segmentation may have freed
head mesoderm from this constraint, clearing the way for
loss of head mesoderm segmentation and further adaptation
of the vertebrate head.
Compartmentalisation of the Amphioxus Brain
All vertebrates develop a distinctive midbrain and fore-
brain. The forebrain is historically divided into two areas,
the anterior telencephalon and the posterior diencephalon.
Recent studies, however, have redefined the longitudinal
axis of the brain and shown that these two areas should be
probably not be considered as lying in AP series (Rubenstein
et al., 1998; Cobos et al., 2001). Specifically, these authors
propose models detailing the topographic relationship be-
tween the early anterior neural plate and the telencephalic
and diencephalic structures into which it develops. These
models show the telencephalon as derived exclusively from
the alar plate, and it could therefore be considered a dorsal
outgrowth rather than an anterior compartment.
Gene expression patterns, anatomical landmarks, and
axon tracts described in the brains of mouse, chick, and
zebrafish embryos suggest that the diencephalon can be
further divided into prosomeres (Rubenstein et al., 1998;
but see Larsen et al., 2001 for an alternative view). More
recent studies show the same subdivisions in the embry-
onic brains of lampreys, suggesting that this organisation is
primitive for extant vertebrates (Pombal and Puelles, 1999;
Murakami et al., 2001). Many authors have addressed the
question of homology between the amphioxus cerebral
vesicle and these various vertebrate brain regions (Holland
et al., 1992, 1996, 1997; Lacalli, 1996; Williams and Hol-
land, 1996; Toresson et al., 1998; Kozmik et al., 1999;
Jackman et al., 2000; Ferrier et al., 2001a). The emerging
consensus of these studies is that the amphioxus anterior
cerebral vesicle is homologous to the vertebrate diencepha-
lon, although the possibility of homology between subre-
gions of the amphioxus cerebral vesicle and vertebrate
prosomeres has not been explored. The presence of a telen-
cephalic homolog in amphioxus has been considered un-
likely by most authors (Holland and Holland, 1998, 1999;
Toresson et al., 1998). Posterior to the proposed diencepha-
lon homolog is a region that may correspond to the mid-
brain, and ultrastructural studies have been interpreted in
support of this assumption (Lacalli, 1996). However, the
expression of genes that specifically mark the posterior
midbrain and MHB of vertebrates, including amphioxus
orthologs of Evx, Engrailed, Pax-2/5/8, and Wnt1, has failed
to provide evidence for a midbrain or MHB homolog in
amphioxus (Holland et al., 1997, 2000a; Kozmik et al.,
1999; Ferrier et al., 2001a). This has been particularly
surprising, since ascidians clearly possess a neural domain
of Pax-2/5/8 expression separating anterior Otx and poste-
rior Hox expression, suggesting that this tripartite structure
is ancestral for chordates (Wada et al., 1998).
These studies leave several key questions of brain homol-
ogy unresolved. First, is the telencephalon a vertebrate
innovation, deriving from a dorsal outgrowth of the anterior
brain, or did it evolve from a preexisting anterior neural
compartment? Second, does amphioxus have a definitive
midbrain? Third, is the amphioxus homolog of the dien-
cephalon divisible into further subregions? Our analysis of
AmphiFoxB and AmphiSim expression in the cerebral
vesicle suggests answers to some of these questions.
Early in development, AmphiFoxB is widely expressed in
the nervous system, before becoming confined to two
domains in the cerebral vesicle of early larvae. The anterior
domain is just posterior and ventral to the eyes, posterior to
the domain of cells expressing AmphiBF-1 (Toresson et al.,
1998). This expression pattern resembles that in vertebrate
embryos, where FoxB gene expression has been described in
mouse, Xenopus, and zebrafish (Ang et al., 1993; Kaestner
et al., 1996; Labosky et al., 1997; Wehr et al., 1997; Grinblat
et al., 1998; Odenthal and Nusslein-Volhard, 1998; Gamse
and Sive, 2001). In both zebrafish and Xenopus, the FoxB
gene fkh5 (also known as fkd5 and foxb1.1 in zebrafish;
Odenthal and Nusslein-Volhard, 1998) is widely expressed
in the nervous system during early development but is
excluded from the presumptive telencephalon, as shown by
comparison with the telencephalic marker opl (Grinblat et
al., 1998; Gamse and Sive, 2001). A second zebrafish FoxB
gene, fkd3 (also known as foxb1.2), is also excluded from
the future telencephalon (Odenthal and Nusslein-Volhard,
1998). In mice, the expression of two FoxB genes has been
described, Foxb1 (also known as fkh5/MF3/HFH-E5.1) and
Foxb2 (also known as fkh4) (Ang et al., 1993; Kaestner et al.,
1996; Labosky et al., 1997; Wehr et al., 1997). Foxb1 is
widely expressed in the early neurectoderm, but is excluded
from the telencephalon before neural tube closure (Ang et
al., 1993; Kaestner et al., 1996; Labosky et al., 1997; Wehr et
al., 1997). Foxb2 expression is more restricted than that of
Foxb1, but is also excluded from telencephalic cells early in
development (Kaestner et al., 1996).
Therefore, a consistent feature of vertebrate FoxB genes is
widespread expression in the diencephalon but exclusion
from the telencephalon, a territory that is marked by the
expression of another Fox family gene, BF-1 (FoxG1) (Tor-
esson et al., 1998). Thus, both amphioxus and vertebrates
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have domains of BF-1 and FoxB expression in their anterior
brains, organised from anterior to posterior. Do these rep-
resent homologous territories, and if so, are the amphioxus
territories homologous to the telencephalon and diencepha-
lon, respectively? Comparative brain anatomy shows that
such an interpretation may be too simplistic, since topo-
graphical considerations, as discussed above, suggest that
the vertebrate telencephalon is a dorsal structure. Con-
versely, the AmphiBF-1 territory is situated under the eye
spot and should probably be considered ventral; the only
exception to this would be if much of the anterior am-
phioxus cerebral vesicle, including ventrally situated cells,
in fact had dorsal character, a possibility since amphioxus
anterior midline cells do not express the midline signalling
molecules characteristic of their vertebrate counterparts
(Shimeld, 1999, 2000). However, in the absence of corrobo-
rating anatomical or gene expression data, such a conclu-
sion is premature. Therefore, while the domains of BF-1 and
FoxB expression are intriguingly similar between am-
phioxus and vertebrates and do indicate that the anterior
FIG. 6. Expression of AmphiSim during amphioxus embryonic and early larval development. Anterior is to the left. (A) Early amphioxus
neurula in ventral view with the blastopore (bp) indicated. Expressing cells are localised along the dorsal midline of the internal
(mesendodermal) cell layer. (B) Neurula with five somites seen in lateral view. The neural plate (np) is indicated. Expressing cells are
localised to the future notochord, as shown by the optical cross-section shown in (C). This is shown with dorsal to the top, and is through
a posterior region of the embryo where the future somites (s) have yet to separate from the future endoderm and notochord (n). (D) Neurula
with six somites. Expressing cells are localised to the posterior mesendoderm (pme), the anterior pharynx roof, and a patch of cells (arrowed)
in the future cerebral vesicle adjacent to somite 1. Somites 1 and 2 are indicated. (E) Embryo which has finished neurulation. Expression
is maintained in the cerebral vesicle (arrow) and in posterior mesendoderm. (F) Larva at 36 h of development, in which the mouth has just
started to open. Expression of AmphiSim is seen in a patch of cells (arrow) in the cerebral vesicle (cv), dorsal to the posterior part of
Hatschek’s pit (hp).
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FIG. 7. (A) Schematic comparison of gene expression patterns in the neural plate of an amphioxus neurula. Somites are numbered. Note
the overlap of AmphiSim and AmphiOtx expression with the first block of AmphiFoxB expression. (B, C) Diagram of the proposed
mechanisms of neural segmentation in amphioxus (B) and vertebrates (C). In amphioxus, neural segments align with the underlying
somites, suggesting vertical induction of neural segmentation as seen in the vertebrate spinal cord. In contrast, in the vertebrate hindbrain,
segmentation is regulated by horizontal signalling from both anterior and posterior. Mesoderm adjacent to the majority of the hindbrain
is not segmented. Note this is a schematic and does not necessarily reflect the precise positioning of somites and rhombomeres relative to
one another. (D) Comparison of gene expression patterns in the amphioxus cerebral vesicle. The eye spot is in black. Below the expression
domains are our interpretations of the extent of territories homologous to the diencephalon (D), midbrain (M), and hindbrain (H). Anterior
to the diencephalon is an additional domain (?) of uncertain homology (see text). AmphiBF-1 expression data from Toresson et al. (1998).
AmphiOtx expression data from Williams and Holland (1996, 1998). AmphiHox expression data from Wada et al. (1999). Amphioxus Islet
expression data from Jackman et al. (2000). The approximate positions of the floor plate (fp) and where the infundibular cells (i) and lamellar
body (lb) will develop are indicated.
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amphioxus cerebral vesicle is divided into discrete territo-
ries at the molecular level, extrapolating this to infer that
amphioxus has a definitive telencephalon homolog is also
premature.
In later development, vertebrate FoxB genes are expressed
in specific areas of the diencephalon, midbrain, and hind-
brain. Expression is dynamic, varying with developmental
stage and species. For valid comparison between these
expression domains and gene expression in amphioxus, a
specific criterion must be met: specifically, for an expres-
sion domain to be inferred to be primitive for the verte-
brates and not a derived character of one vertebrate lineage,
it should be present in multiple vertebrate taxa. Zebrafish
foxb1.2/fkd3 is expressed in the hypothalamus, thalamus,
and midbrain, as well as by rhombomere boundary cells,
while foxb1.1/fkd5 expression is also found in ventral
diencephalic cells (Grinblat et al., 1998; Odenthal and
Nusslein-Volhard, 1998). Similarly, Xenopus fkd5/Foxb1,
following widespread early neural expression, becomes re-
stricted to the diencephalon, midbrain, and rhombomere 5,
although sublocalisation of expression within the dien-
cephalon has not been described (Gamse and Sive, 2001).
The detailed sublocalisation of FoxB genes has been most
extensively described in mice. Foxb1 expression has been
detected in the mammillary area, hypothalamus, thalamus,
and midbrain, while Foxb2 is expressed in the mammillary
area, zona limitans intrathalamica, hypothalamus, and
midbrain, as well as in the medullary area of the hindbrain
(Ang et al., 1993; Kaestner et al., 1996; Labosky et al., 1997;
Wehr et al., 1997). Therefore, two expression domains are
consistent between the three vertebrate lineages in which
FoxB genes have been characterised: the anterior diencepha-
lon (specifically the thalamus and hypothalamus) and the
midbrain.
AmphiFoxB expression in the amphioxus cerebral vesicle
resolves into two domains. The more anterior, as described
above, is posterior to the domain of AmphiBF-1 expression
and in the area proposed to be homologous to the vertebrate
diencephalon. Comparison with vertebrate FoxB expression
suggests that this region of the amphioxus cerebral vesicle
may therefore contain homologous regions to the vertebrate
thalamus and/or hypothalamus, as these are the consistent
anterior sites of expression in divergent vertebrate taxa. The
second, more posterior domain of AmphiFoxB expression is
anterior to the Hox-expressing region and within the
AmphiOtx-expressing region (Williams and Holland, 1998;
Wada et al., 1999). Comparison with vertebrate FoxB ex-
pression suggests that this area is homologous to the
vertebrate midbrain, as this is the more posterior consistent
site of expression in divergent vertebrate taxa. In addition,
we also analysed the expression of an amphioxus Sim
ortholog. Two Sim genes have been identified in verte-
brates, Sim1 and Sim2, and our analysis shows that the
duplication that formed these occurred after the divergence
of the amphioxus and vertebrate lineages. Expression of
vertebrate Sim1 and Sim2 marks the posterior diencephalon
and the anterior midbrain in zebrafish, Xenopus, chicks,
and mice (Ema et al., 1996; Fan et al., 1996; Moffett et al.,
1996; Yamaki et al., 1996; Fernandez-Teran et al., 1997;
Coumailleau et al., 2000; Serluca and Fishman, 2001; Wen
et al., 2002). A detailed analysis of transcript localisation in
the diencephalon has only been undertaken in mice, where
Sim-2 expression is reported in ventral prosomeres 2–4,
Sim-1 expression in ventral prosomeres 1–4, and dorsally in
the mantle of prosomeres 5 and 6 (Fan et al., 1996).
We observed AmphiSim expression in a similar (though
less extended posteriorly) domain to the posterior domain
of AmphiFoxB. This could be hypothesised to be homolo-
gous to Sim gene expression in the vertebrate midbrain,
diencephalon, or both; to discriminate between these pos-
sibilities, we compared these results with the expression of
AmphiOtx, AmphiFoxB, and AmphiHox, and positioned
expression domains relative to the somites in embryos and
to the neuropore and Hatschek’s pit in larvae (Figs. 7A and
7D). At both embryonic and larval stages, the posterior
limit of AmphiSim never reaches the posterior limits of the
AmphiFoxB and AmphiOtx domains. This order of gene
expression matches the vertebrate brain, suggesting that
the very posterior part of the amphioxus cerebral vesicle
corresponds to the posterior midbrain of vertebrates. Evi-
dence in support of this conclusion comes from the motor
neuron marker Islet, which is expressed in the posterior
part of the cerebral vesicle, within the AmphiOtx domain
of expression (Jackman et al., 2000). As suggested by Jack-
man et al., this is similar to the expression of vertebrate
Islet-1 in the posterior midbrain. The comparison of AP
localisation of FoxB, Sim, and Otx orthologs in vertebrates
and amphioxus thus shows that, at least at the molecular
level, the subdivided diencephalic and midbrain areas of the
vertebrate predate the separation of these two lineages and
are primitive for vertebrates and amphioxus.
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